Internodal dynamics of quasiparticles in Weyl semimetals manifest themselves in hydrodynamic, transport and thermodynamic phenomena and are essential for potential valleytronic applications of these systems. In an external magnetic field, coherent quasiparticle tunnelling between the nodes modifies the quasiparticle dispersion and, in particular, opens gaps in the dispersion of quasiparticles at the zeroth Landau level. We study magnetotransport in a Weyl semimetal taking into account mechanisms of quasiparticle scattering both affected by such gaps and independent of them. We compute the longitudal resistivity of a disordered Weyl semimetal with two nodes in a strong magnetic field microscopically and demonstrate that in a broad range of magnetic fields it has a strong angular dependence ρ(η) ∝ C1 + C2 cos 2 η, where η is the angle between the field and the separation between the nodes in momentum space. The first term is determined by the coherent internodal tunnelling and is important only at angles η close to π/2. This contribution depends exponentially on the magnetic field, ∝ exp (−B0/B). The second term is weakly dependent on the magnetic field for realistic concentrations of the impurities in a broad interval of fields. arXiv:1912.02284v1 [cond-mat.mes-hall] 
I. INTRODUCTION
Recent prediction 1 and experimental discovery 2-4 of quasiparticles with Weyl dispersion in solid-state systems have motivated a vast number of predictions and observations of novel fundamental effects involving Weyl particles (see, e.g., Refs. 5 and 6 for a review). Some of these phenomena, such as the chiral anomaly [7] [8] [9] , rely on the transfer of quasiparticles between different Weyl nodes, sometimes also referred to as valleys, points in momentum space in whose vicinity the quasiparticles display Weyl dispersion.
Weyl nodes in solid-state systems come in pairs with opposite chiralities 10 . Apart from fundamental interest, internodal dynamics of Weyl quasiparticles may be used for valleytronic applications, i.e. using the valley degree of freedom to store, process and transfer information and to control electron transport 11 . Experimentally observed manifestations of the internodal (intervalley) dynamics include also negative longitudinal magnetoresistnace (see, e.g., Refs. 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] , a consequence of the chiral anomaly 7, 10 , and quantum oscillations of resistance in thin slabs of Weyl semimetals 21, 22 (WSMs). Changing the valley degree of freedom of quasiparticles has also been predicted to lead to the release or absorption of heat ("adiabatic dechiralisation" 23 ) and to affect the hydrodynamic flows of electrons in WSMs [24] [25] [26] [27] [28] [29] [30] [31] .
Of fundamental importance for valleytronic applications is coherent tunnelling between Weyl nodes. Such tunnelling leads to an effective coupling between the states of quasiparticles near different nodes, which may be controlled by the direction and the magnitude of an external magnetic field 32 . This coupling leads to the opening of a gap in the quasiparticle dispersion at the zeroth Landau level in WSMs 32, 33 , which has recently been observed in experiment [34] [35] [36] .
In this paper, we study the interplay of magnetotransport in disordered Weyl semimetals and coherent intern-odal tunnelling. We demonstrate that the gap 2∆, created in the quasiparticle dispersion by such tunnelling, affects significantly the longitudinal conduction (conduction along the magnetic field) of the quasiparticles if the magnetic field is perpendicular to the line connecting a pair of nodes in momentum space. Quasiparticle states are strongly hybridised between the nodes in this regime, and their scattering is affected by long-range correlated disorder, with the correlation length longer than the inverse separation between the nodes in momentum space. The longitudinal resistivity in this regime depends exponentially on the magnitude of the magnetic field.
For the other directions of the magnetic field, the internodal hybridisation of the quasiparticle states may be neglected. The resistivity is then determined by largemomentum scattering between states at different nodes and has a strong dependence on the direction of the field.
Our results demonstrate how the internodal coupling (the gaps in the spectra of Landau levels) in Weyl semimetals may be observed in transport experiments. Furthermore, strong dependence of the internodal coupling on the external magnetic field can be used in valleytronic devices to control electron transport if the magnetic field is perpendicular to the separation between the nodes.
The paper is organised as follows. In Sec. II we summarise our results for the magnetoconductance of a Weyl semimetal in a magnetic field. A detailed microscopic discussion of the model of a disordered two-node Weyl semimetal and its typical parameters is presented in Sec. III. We discuss the quasiparticle dispersion in the system in Sec. IV. Sections V and VI deal with quasiparticle scattering off impurities and magnetoconductance in disordered semimetals. In Sec. V we consider generic directions of the magnetic field where the magnetoresistance is weakly affected by the internodal coupling. Finally, in Sec. VI we demonstrate that the conduction is strongly affected by the coupling if the magnetic field is perpendicular to the line connecting the nodes and compute the resistivity in this regime.
II. RESULTS
In the presence of an external magnetic field in a sufficiently clean system, the quasiparticle motion is quantised in the plane perpendicular to the field. At the zeroth Landau level, quasiparticles at each Weyl nodes may move only in one direction, either parallel or antiparallel to the magnetic field, depending on the chirality of the node, while quasiparticles at higher Landau levels may move both parallel and antiparallel to the magnetic field.
As a result, at strong magnetic fields or low levels of doping, for which only the zeroth Landau level contributes to transport (the ultraquantum limit), the longitudinal resistivity of a Weyl semimetal is determined by the internodal scattering. There are two main mechanisms of such internodal scattering: 1) large-momentum scattering between states at different nodes by impurities and 2) the interplay of small-momentum processes near one node and the internodal hybridisation of quasiparticle states.
In this paper, we analyse the dependence of the magnetoconductivity in a Weyl semimetal with two nodes as a function of the magnetic field B and its direction, focussing on the interplay of the internodal tunnelling and magnetoresistance. In the ultraquantum limit, the longitudinal resistivity of a Weyl semimetal with charged impurities may be described by the interpolation formula
where ρ inter cos 2 η is the contribution of large-momentum elastic scattering and is weakly dependent on the magnetic field; the last term ρ gap (B, η) accounts for the effects of the gap in the quasiparticle dispersion at the zeroth Landau level caused by coherent internodal tunnelling; η is the angle between the field and the separation between the nodes in momentum space. For screened charged impurities, ubiquitous in Weyl and semiconducting systems, the function ρ inter weakly depends on the magnetic field in the experimentally important limit l B Q 1, where l B is the magnetic length and 2Q is the momentum separation between the nodes. By contrast, models with short-range scatterers are known to lead to linear magnetoresistance (see e.g. Refs. 37 and 38). Also, charged scatterers at very weak magnetic fields (l B Q 1) result in a different dependence of the resistivity (ρ inter ∝ 1/B 2 ) on the magnetic field 37 . The strong angular dependence ∝ cos 2 η of the first contribution in the resistivity (2.1) comes from the structure of the wavefunctions at the nodes.
The second contribution, ρ gap (B, η) is suppressed in the experimentally important case of weak magnetic fields and is, therefore, important at angles close to η = π/2. This contribution exhibits an exponential de-
on the magnitude of the magnetic field, where the characteristic field B 0 is given by the integral
of the quasiparticle dispersion ξ k along the minimumaction tunnelling path between the nodes in momentum space; v F is the Fermi velocity which assumed to be isotropic near each node. The exponential dependence of the resistance (2.1) on the magnetic field comes from that of the gap 32 in the dispersion of the quasiparticles, where the characteristic field B 0 may be on the order of 10T or larger 32 . Away from the ultraquantum limit, i.e. at higher levels of doping or smaller magnetic fields, non-zero Landau levels contribute to the resistivity. Unlike the zeroth Landau level, quasiparticles at those higher Landau levels can be backscattered within the same node. Because of the long-range-correlated nature of the potential of screened impurities, such intranodal scattering at higher Landau levels is significanglty stronger than the internodal scattering. The resistivity in this regime has recently been a subject of numerious studies (see, e.g., Refs. 7, 9, 39, and 40) and is not a focus of this paper.
At the levels of doping and magnetic fields where the higher Landau levels contribute to transport, their contribution ρ intra (B) to the resistivity may be added to the contributions (2.1) on which we focus in this paper. Different contributions may be separated from each other using their different dependencies on the direction and the value of the magnetic field. In the case of isotropic dispersions at Weyl nodes, the contribution ρ intra (B) of the intranodal scattering at high Landau levels is isotropic, which may be used to separate it from the first term in Eq. (2.1). It has also a weaker than exponential dependence on the magnetic field, which distinguishes it from the effects of the gap at the zeroth Landau level described by the second term in Eq. (2.1). For simplicity, in this paper we focus on the ultraquantum limit, where the contribution ρ intra (B) is absent and the full resistivity is, thus, described by Eq. (2.1).
We compute both contributions to the resistivity (2.1) microscopically. We find that for the experimentally important case of charged impurities and sufficiently small magnetic fields
4)
where n is the concentration of the impurities and ε is the dielectric constant. For the gap-dependent contribution, which for the experimentally important case of low fields is relevant only at η ≈ π 2 (or, equivalently, η ≈ − π 2 ) we obtain ρ gap B,
where C(B) is a dimensionless coefficient weakly dependent on the magnetic field and where we introduced the characteristic magnetic field
with α = e 2 ε v F being the so-called fine-structure constant in a Weyl semimetal and µ 0 being the chemical potential in the system at zero magnetic field (measured from the energy of the Weyl node).
For a semimetal with the chemical potential µ 0 = 10meV (corresponding to the concentration of dopants n ∼ 10 15 cm −3 ) and the dielectric constant 41-44 ε = 10 − 50, the characteristic magnetic field B µ lies, respectively, in the interval B µ = 0.2 − 0.4T . Fields of this order of magnitude correspond also to entering the ultraquantum limit for the characteristic chemical potentials under consideration. For such fields, the gapdependent contribution ρ gap (B, η) is strongly suppressed, due to its exponential dependence on the magnetic fields, except for selected directions of the field, corresponding to η = ±π/2. Thus, we expect our results for the contributions to Eq. 2.1 to hold in realistic Weyl semimetals for magnetic fields up to several tesla. For stronger fields, the resistivity is dominated by the gap-dependent contribution ρ gap (B, η) and has a strong exponential dependence on the magnetic field for all directions of the magnetic field (except η = 0, π, where the gap vanishes).
We emphasise that, although in most of this paper we consider a system with a single pair of Weyl nodes, our results may easily be generalised to the case of a system with multiple pairs of nodes, e.g., TaAs or TaP. The conductivity in such a system is given by the sum σ(B) = i ρ inter cos 2 η i + ρ gap (B, η i ) −1 of contributions from pairs of close nodes, where η i is the angle between the field and the difference of momenta of the nodes in the i-th pair.
III. MODEL
We consider a Weyl semimetal (WSM) with two nodes separated along the z axis in momentum space. The Hamiltonian of the quasiparticles in this system, in the presence of charged impurities, is given bŷ where the first three terms in the right-hand side (rhs) represent the kinetic energy of the quasiparticles in a magnetic field and the last term accounts for the potential of screened impurities;k = (k x ,k y ,k z ) = −i∂ r is the operator of the quasiparticle momentum (hereinafter = 1);σ = (σ x ,σ y ,σ z ) is the pseudospin operator, a degree of freedom equivalent to a spin-1/2; the vector potential A = (A x , A y , A z ) accounts for the magnetic field; R i is the location of the i-the impurity; Z i e is the charge of the i-th impurity; κ is the inverse screening length which is specified below; ε is the dielectric constant. For simplicity, we consider only two types of impurities, with Z i = +1 (donors) and with Z i = −1 (acceptors).
In Eq. (3.1) we introduced also a non-linear function m(k z ) which may be approximated by the linear dependencies m(k z ) ≈ v F (Q ∓ k z ) near the Weyl nodes, located at the momenta k = (0, 0, ±Q), as shown in Fig. 1 , where the prefactor v F is assumed, for simplicity, to match the velocity of the quasiparticles along the x and y axes in the absence of the magnetic field. The free quasiparticles, thus, have linear (Weyl) dispersions near the nodes with the velocity v F and with opposite chiralities 45 χ = ±1 at the respective nodes. The values of m(k z ) away from the nodes determine the amplitude of quasiparticle tunnelling between the nodes in momentum space. Such tunneling is usually neglected in studies of transport in WSMs. In this paper, we demonstrate, however, that the internodal tunnelling has a qualitative effect on magnetotransport for certain directions of the magnetic field.
We choose the xz plane to be parallel to the direction of the magnetic field, as well as to the separation between the Weyl nodes in momentum space. In what follows, we use the Landau gauge A = (By cos η, 0, −By sin η), (3.2) where η is the angle between the direction of the magnetic field B and the z axis, as shown in Fig. 3 . The magnetic field leads to the quantisation of the quasiparticle motion in the plane perpendicular to the field in a sufficiently clean system. While we expect our results to hold for arbitrary magnetic fields, we consider, for simplicity, the ultra-quantum limit, where only the zeroth Landau level contributes to the transverse motion. This limit corresponds to sufficiently strong magnetic fields,
where µ is the chemical potential measured from the energy of the Weyl nodes. We assume also that Q is the largest momentum scale in the problem and, in particular, exceeds the inverse magnetic length
Impurity potential. The last term in the Hamiltonian (3.1) describes the potential of the screened impurities. The inverse screening radius κ is given, in the Thomas-Fermi approximation and in the ultra-quantum limit under consideration, by (see Appendix A for details)
where l B is the magnetic length, given by Eq. (3.4), and α = e 2 v F is the "fine-structure constant". Because the dielectric constant is large [41] [42] [43] [44] in most Weyl and Dirac materials, the fine-structure constant α may be assumed to be small, which justifies using the Thomas-Fermi approximation when describing electrostatic screening in these systems (see Appendix A for a more detailed discussion). A factor of 2 in Eq. (3.5) reflects the number of Weyl nodes in the system. Donor and acceptor impurities affect the concentration of the quasiparticles and, thus, determine the chemical potential in the system. In an uncompensated system, i.e. at n A = n D , the chemical potential µ at realistic dopant concentrations may be considered homogeneous, with the average value significantly exceeding spatial fluctuations 46 . Charge neutrality requires that
where n A and n D are the concentrations of the acceptor and donor impurities. The right-hand-side part of Eq. (3.6) gives the concentration of quasiparticles measured from that in a disorder-free system with µ = 0, which is related to the chemical potential µ 0 in the absence of the magnetic field as n D − n A =
. Because the density of states of the charge carriers is affected by the magnetic field and their concentration n D − n A is field-independent, the chemical potential µ depends on the magnetic field. According to Eq. (3.6),
IV. QUASIPARTICLE DISPERION IN A DISORDER-FREE SEMIMETAL
In this section, we analyse the dispersion of the quasiparticles at the zeroth Landau level in a disorder-free system. Figure 2 shows the dispersion, obtained by computing numerically the eigenenergies of the Hamiltonian (3.1) in the absence of impurities, as a function of the momentum k z along the magnetic field and the angle η between the field and the separation between the nodes for η close to π/2.
The dispersion consists of two bands (the "upper band" and "lower band" in Fig. 2 ) separated by a gap 2∆, which is determined by the internodal tunnelling of the quasiparticles. For η = π/2, the dispersion is particlehole symmetric, i.e. the two branches of the dispersion are symmetric with respect to E = 0. For angles η deviating from π/2, the energies of both branches are shifted. At large momenta, |k z | ∆/v F , the dispersion is linear as a function of momentum. In what follows, we describe the dispersion analytically.
A. Quasiparticle dispersion and wavefunctions for decoupled nodes (∆ = 0)
First, we describe the dispersion and the wavefunctions of low-energy quasiparticles neglecting the internodal tunnelling. This corresponds to either a negligible gap 2∆, e.g., due to the magnetic field being small, or to angles η sufficiently away from π/2, where the dispersion of low-energy quasiparticles (near the energy E = 0) is described by the linear parts of the dispersion branches, independent of the quantity ∆.
We linearise the function m(k z ) in the Hamiltonian (3.1) near the node of chirality χ (cf. Fig. 1 ),
and rotate the coordinate frame by the angle η about the y axis, as shown in Fig. (3) . The z axis of the rotated coordinate frame x yz is parallel to the direction of the magnetic field B and the components of the quasiparticle momenta in the x z plane are given by
It is convenient to rotate also the pseudospin basis at each node of chirality χ by the angle χη about the y axis in the pseudospin space, which corresponds to the transformation of the Hamiltonian given bŷ
The Hamiltonian
The dispersion E k of the quasiparticles in a Weyl semimetal in a magnetic field at the zeroth Landau level as a function of the momentum k z along the magnetic field and the angle η between the field and the separation between the nodes for η close π 2 . The dispersion has two bands, the "upper band" and the "lower band". The "E = 0" plane corresponds to the energies of the Weyl nodes in an undoped system. of free quasiparticles near the nodes in the rotated pseudospin basis may be rewritten conveniently, by introducing the annihilation
and creationâ † ladder operators of a harmonic oscillator, in the form
whereσ ± =σ x ± iσ y . The Hamiltonian (4.7) with the ladder operator (4.6) describes quasiparticles which propagate parallel (or antiparallel) to the z axis, i.e. along the direction of the magnetic field B, and whose motion in the transverse direction is quantised. The eigenstates of this Hamiltonian are parametrised by the component k z of momentum parallel to the magnetic field, the number n of the Landau level of the transverse motion and the transverse component k x of momentum. As discussed in Secs. II and III, we focus on the case of sufficiently strong magnetic fields, at which only the zeroth Landau levels contributes to transport.
The respective eigenstates of the Hamiltonian (4.7) are given by
where |↑ χ is the state of the pseudospin directed along the z axis in the pseudospin space [where the pseudospin basis depends on the chirality of the node χ, cf. (4.4)], |0 LL is the eigenstate of the operatorâ corresponding to the zeroth Landau level and parametrised by the momentum component k x and |k z describes a plane-wave wavefunction of a particle with momentum k z along the z axis. In the coordinate representation and the pseudospin basis of the Hamiltonian (3.1) the eigenstate is given by
where we assumed that the system has finite sizes L z and L x along the z and x axes; k is the momentum in the xz plane (that matches the x z plane). The energy of this eigenstate is determined by the first term in the effective Hamiltonian (4.7) and is given by
The pseudospins of the low-energy quasiparticles under consideration have different directions, shown in Fig. 3 , at nodes of different chiralties χ. As follows from Eq. (4.10), the quasiparticle velocities v χk = ∂E χk ∂k at the nodes with χ = +1 and χ = −1 are, respectively, parallel and antiparallel to the magnetic field, as shown in Fig. 3 .
Generic wavefunction near a node
Although the Hamiltonian lacks translational invariance in the presence of the magnetic field, a generic wavefunction, considered as a function of the momentum k in the xz plane and the coordinate y, may still be attributed to a particular node, so long as its generalised momentum K = k − e c A is close to the momentum of this node in the absence of the magnetic field, where A(y) is the vector potential given by Eq. (3.2).
Indeed, this condition is equivalent to 1) the component k z of the momentum being close to −χQ cos η and 2) the argument k z − e c A z of the function m in the Hamiltonian (3.1) being close to −χQ. The first condition guarantees that the wavefunction is a superposition of eigenstates with low energies (measured from the energy of a node), while the second condition allows us to linearise the function m(k z ) according to Eq. (4.1).
B. Internodal tunnelling
The Hamiltonian (3.1) describes quasiparticles with a finite bandwidth along the z axis, which allows for quasiparticle tunnelling from one node to the other. Although this tunnelling is exponentially suppressed by this bandwidth, which exceeds all the other energy scales in the problem, it leads to the opening of the gap 2∆, shown in Fig. 2 , in the quasiparticle dispersion. In this subsection, we consider analytically the effect of such internodal tunnelling in momentum space on the quasiparticle dispersion and the opening of the gap.
The tunnelling leads to the hybridisation of low-energy quasiparticle states near different nodes. The generic wavefunction ψ(r) of a quasiparticle with momentum components k x and k z in the xz plane and with a sufficiently low energy (measured from the energy of the nodes) may be approximated as a superposition of the wavefunctions (4.9) belonging to the nodes with χ = +1 and χ = −1.
Conditions for strong internodal hybridisation
Quasiparticle states at different nodes with the same momentum k z are strongly hybridised by the internodal tunnelling if these states have the same energies in the absence of the tunnelling. Two quasiparticles states near the nodes with χ = +1 and χ = −1 have close energies (4.10) if the momentum k z is sufficiently small. Because the energies under consideration are also small, this leads to the requirement of the smallness of the momentum scale Q cos η in comparison with the separation Q between the nodes in momentum space and the characteristic momentum scale associated with the internodal tunnelling discussed below. Therefore, the states at different nodes may be strongly hybridised only for angles η sufficiently close to π/2,
where ∆ is the characteristic coupling energy between the states with χ = +1 and χ = −1.
Strong hybridisation requires not only the angle η be close to π/2, but also the energies of the hybridised states be close to each other. At η = π/2, the energies of the states at nodes χ = +1 and χ = −1 are given by E +1k = −E −1k = v F k z = v F k x , according to Eq. (4.10). Therefore, strong hybridisation of states between nodes requires also that v F |k x | ∆, (4.12) in addition to the condition (4.11).
Internodal coupling
At angles η very close to π/2, i.e. for magnetic fields almost perpendicular to the separation between the nodes, the nodes are strongly coupled by the tunnelling and the effective Hamiltonian of low-energy quasiparticles is given bŷ
where k is the momentum in the xz plane, the states |ψ χk are given by Eqs. (4.8) and (4.9), the first two lines describe the dispersion near decoupled nodes and ∆ determines the strength of the coupling. At η = π 2 the quantity 2∆ gives the gap in the low-energy quasiparticle dispersion
shown in Fig. 2 (in the η = π/2 plane). The amplitude of the tunnelling between the two nodes may be computed (see Appendix C) by matching the wavefunctions of the quasiparticles near the nodes with exponentially small "tails" between the nodes obtained in the quasiclassical approximation. Recently, the internodal coupling for a particular form of the function m(k z ) [cf. Eq. (3.1)] has been computed in Ref. 32 . In Appendix C, we generalise this calculation to the case of an arbitrary function m(k z ), with the result In this section, we consider magnetotransport for angles η away from π/2, at which the internodal tunnelling may be neglected and quasiparticles at different nodes are effectively decoupled. Because intranodal scattering processes do not change the velocities of the quasiparticles, shown in Fig. 3 , the resistivity of the system in this regime is determined by the processes of internodal scattering.
As discussed in Sec. IV, the component k of momentum in the xz plane is a good quantum number in a disorder-free system for the choice of the gauge of the vector potential given by Eq. (3.2) . Internodal scattering occurs between quasiparticle states ψ χp and ψ −χk with momenta p and k separated by a vector of approximate length 2Q. While the difference between the momenta of quasiparticles near different nodes is evident in the absence of magnetic field, it requires a clarification in the presence of a magnetic field due to the lack of translational invariance of the Hamiltonian.
Indeed, the change of the generalised momentum k − e c A(y) of a scattered quasiparticle is close to 2Q. This leads to the difference between the incoming and outgoing momenta p and k being close to 2Q if the random potential is sufficiently smooth. The potential of the screened impurities is smooth at length scales shorter than the screening length κ −1 ∼ l B /α 1 2 . Therefore, the difference between the momenta p and k is close to 2Q so long as momentum scales on the order of α 1 2 /l B Q are neglected. This conclusion may also be obtained by evaluating explicitly the matrix elements of scattering of the states of the form (4.9) on the potential of screened impurities (see Appendix D for details).
The scattering rate of the state ψ χp at a node with chirality χ to the other node, with chirality −χ, is given by
where U is the potential 47 of randomly located screened impurities; . . . dis is our convention for the averaging over the locations of the impurities; E χp is the energy of the state with momentum p near node χ; S xz is the cross-sectional area of the system in the xz plane (which, for simplicity, is assumed to be constant along the y axis). The potential U (r) is given by the last term in the Hamiltonian (3.1) and is a sum of the potentials u i (r) = Z i e 2 e −κ|r−R i | |r−Ri| of individual impurities at locations R i . In this paper, we neglect single-particle interference effects related to scattering off multiple impurities 48, 49 , assuming that the concentration of impurities is small.
Under this approximation, we may make the replace-
in the expression (5.1) for the scattering time. Using Eq. (5.2) and evaluating the integral in Eq. (5.1) (see Appendix D for the details), we arrive at the internodal scattering rate
which is independent of the momentum of the scattered quasiparticle, where n = N/V is the concentration of the impurities in the system. The dependence ∝ cos 2 η of the scattering rate on the angle η reflects the projection of the pseudospins of quasiparticles at different nodes, shown in Fig. 3 , onto each other. Equation (5.3) suggest that the internodal scattering vanishes at η = π/2 as the pseudospins at different nodes are opposite to each other if the magnetic field is perpendicular to the line separating the nodes. We emphasise, however, that the result (5.3) for the scattering rate applies at angles η which are not very close to π/2, at which the hybridisation between quasiparticle states at different nodes becomes may be neglected.
Because the quasiparticles in an impurity-free system move parallel to the magnetic field, the longitudinal conductivity (along the magnetic field) of a weakly disordered system exceeds significantly its transverse conductivity. When computing the longitudinal conductivity, on which we focus in this paper, transport may, therefore, be considered to be one-dimensional, with N ⊥ = |e|B 2πc transverse channels per cross-sectional unit area.
Since conduction comes only from low-energy quasiparticles, with energies significantly exceeded by the bandwidth, their distribution function f (k x , k z r) in the space of the momentum k = (k x , k z ) in the xz plane and 3D coordinates r is peaked sharply near the surfaces k z = −χQ cos η; k x = χQ sin η + eB c y, corresponding to node χ, according to the discussion in Sec. IV A 1. Because the dynamics of the quasiparticles is effectively one-dimensional and confined to the zeroth Landau level in the transverse direction, it is convenient to introduce the distribution function F (k z , r) = χ dk x 2π f (k z , k x r) of the longitudinal momentum k z and coordinate near node χ, where the integration with respect to the momentum k x is carried out near that node.
The dynamics of this distribution function is governed by the kinetic equation
for momenta k z close to the value k z ≈ ±Q cos η near a node of chirality χ. Equation (5.4) reflects that elastic internodal scattering leads to the scattering of states with momentum k z along the z axis into the states with momentum −k z , as follows from the conservation of energy (4.10).
The generic stationary solution of the kinetic equation (5.4) in a homogeneous system in the presence of a small electric field E z is given by
which leads to the current in the z direction 
which describes the first contribution to the resistivity in Eq. (2.1) with ρ inter given by (2.4).
As discussed in Sec. II, the conductivity (5.7) is weakly dependent on the magnetic field and exhibits strong anisotropy, i.e. strong dependence on the magnetic field. A strong dependence of the conductivity on the direction of the magnetic field has also been noted in Ref. 50, however, with a different dependence on the direction. We believe that the difference comes from assuming in Ref. 50 , without a derivation for a particular model, a certain structure of the kinetic energy and the disorder potential in the space of the nodal spin. We emphasise also that the absence of the dependence of the conductivity (5.7) on the amplitude of the magnetic field is specific to charged impurities considered here and sufficiently strong fields corresponding to Ql B 1. By contrast, models with short-ranged impurities have been demonstrated (see, e.g., Refs. 37, 38, and 50) to exhibit linear magnetoresistivity.
VI. MAGNETOCONDUCTIVITY AT ANGLES η CLOSE TO π/2
In this section, we consider magnetotransport at angles η close to π/2, i.e. for the magnetic field B parallel to the x axis. In this case, quasiparticle states at different nodes are coupled strongly by the internodal tunnelling. As discussed in Sec. V, the internodal coupling determines essentially the resistivity in this regime, as the conductivity (5.7) diverges at η = π/2.
We assume here that the chemical potential µ (measured from the energy of the Weyl nodes in the absence of the magnetic field) is greater than the internodal coupling ∆. Indeed, the chemical potential µ is on the order of several dozen meV for typical doping levels in WSMs (see, e.g., Refs. [51] [52] [53] , whereas the coupling is of order several meV for fields B ∼ 10T and decreases exponentially for smaller fields.
In this approximation, the quasiparticle states in the absence of disorder may be represented in the form
as follows from the effective Hamiltonian (4.13) of the quasiparticles at η = π/2. The second term in Eq. (6.1) is small, due to the smallness of the parameter ∆/(k x v F ) 1, and accounts for the hybridisation between the states |ψ +1k and |ψ −1k due to internodal tunnelling, which is essential for the conductivity being finite at η = π/2. Quasiparticles with the wavefunctions |φ +1k and |φ −1k move with the velocity v F (up to small corrections on the order of ∆ 2 /µ 2 ), respectively, parallel and antiparallel to the x axis. The resistivity of the system is, thus, determined by the processes of scattering between the states |φ χk with different χ.
The respective "internodal" scattering rate is given by Eq. (5.1) with the replacement |ψ χk → |φ χk . Utilising Eqs. (5.1), (5.2), (6.1) and (4.10), we obtain the scattering rate (see Appendix E for details)
where the function I(s, t) is given by
cos (2sy) e − z 2 +y 2 2 (y 2 + z 2 + t 2 ) 2 dzdy (6.3) and the chemical potential µ(B) is given by Eq. (3.7) . Depending on the values of the magnetic field and the chemical potential, the value of the function
For the experimentally relevant case of chemical potentials |µ(B)| ∆ exceeding the gap ∆ in quasiparticle dispersion, the quasiparticles move with velocities v F and −v F along the z axis and the conductivity of the system is given by the same expression where I = I l B Q, l B 4µ 2 (B) + κ 2 v 2 F /v F and ∆ is the gap in the dispersion of the quasiparticles at the zeroth Landau level given by Eq. (4.15) .
In what immediately follows, we provide the results for conductivity in the two limiting cases: µ κv F and µ κv F . According to Eqs. 
Combining Eqs. (6.6) and (6.7) and recovering the Planck's constant gives the interpolation formula (2.5).
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In this section, we discuss the screening of a charged impurity in a Weyl semimetal in the presence of a magnetic field. The electrostatic potential φ around an impurity of charge Ze located at r = 0 is given by ε ∆φ(r) = 4πZe δ(r) + 4πen(r),
where n(r) is the change of the density of the electrons due to exposing the system to the potential φ at location r.
In the Thomas-Fermi approximation 48 , the response of the electron density n(r) to the potential φ(r) is local, which gives
where |e|B 2πc accounts for the degeneracy of the Landau level; v F k z is the dispersion of the quasiparticle along the magnetic field; N nodes is the number of Weyl nodes in the system (in the rest of the paper, N nodes = 2) and n F (ε) is the Fermi-Dirac distribution function.
Equations (A1) and (A2) describe linear screening with the radius κ −1 which for N nodes = 2 is given by Eq. (3.5). We note that the impurity screening may be neglected when considering the direct internodal scattering, because the change of momentum for such scattering processes is close to 2Q and exceeds significantly the screening constant κ. Therefore, our results for the conductivity obtained in Sec. V, e.g., Eqs. (2.4) and (5.7) , are independent of the model of screening.
The screening and the details of the screened potential may be important, however, when considering the transport of quasiparticle states strongly hybridised between the nodes. The respective contribution to the resistivity, considered in Sec. VI, is determined by small momentum scattering on the order of min (|µ|/v F , κ), where µ is the chemical potential in the system.
Thomas-Fermi approximation, which we used to obtain Eq. (A2) and the form of the screened potential given by the last term of the Hamiltonian (3.1), is justified provided the screening length κ −1 exceeds the characteristic lengths of the wavefunctions of the electrons which provide screening: the magnetic length l B and the wavelength v F /µ corresponding to the motion along the field. The condition κ −1 l B is fulfilled in typical Weyl semimetals due to the smallness of the "fine structure constant" discussed in Sec. III. According to Eqs. (3.5) and (3.7), the condition
is fulfilled so long as the magnetic field B is significantly smaller than the characteristic value given by Eq. (2.6). The Thomas-Fermi approximation, used here, breaks down if the magnetic field exceeds this characteristic value, which may affect the pre-exponential in Eq. (6.7) and in Eq. (2.5) in the limit B B µ , however, the results should still be expected to hold qualitatively.
Appendix B: Landau levels of electrons near decoupled nodes
In this section, we present a detailed derivation of the wavefunctions of quasiparticle near each Weyl node neglecting the internodal tunnelling. The Hamiltonian of a disorder-free Weyl semimetal with two nodes and the quasiparticle dispersion linearised near the nodes is given bŷ
where the momenta k x and k z along the x and z axes are good quantum numbers. The eigenfunction ψ kxkzχ of a quasiparticle at node χ and its eigenstate E 2 χ (k x k z ) satisfies the equationĤ 2 0 ψ kxkzχ = E 2 χ (k x k z )ψ kxkzχ , where the operatorĤ 2 0 is given bŷ 
The operators (B2) and (B3) have the form of the Hamiltonian of a system consisting of a one-dimensional harmonic oscillator with the mass 1/2v 2 F and the frequency 2v 2 F |e|B/c and an independent spin-1/2 in a magnetic field. To obtain the eigenstates of the system, it is convenient, therefore, to introduce the ladder operatorŝ
of this harmonic oscillator.
In terms of the creation and annihilation operatorsâ † andâ, given by Eqs. (B4) and (B5) , the Hamiltonian of the quasiparticles in the rotated pseudospin basis has the form
The eigenstates and the eigenenergies of the Hamiltonian (B6), corresponding to the zeroth Landau level, are given, respectively, by Eqs. (4.8) and (4.10).
Appendix C: Intervalley coupling for η = π/2
In this section, we present an explicit calculation of the internodal coupling ∆ introduced in Sec. IV B. Because the coupling is essential at angles η close to π/2, we focus on η = π/2, i.e. the direction of the magnetic field perpendicular to the separation between the nodes. The coupling ∆ for a particular form of the function m(k z ) has been computed microscopically in Ref. 32 . Here, we generalise this derivation to the case of a generic function m(k z ).
Following Ref. 32 , we perform a unitary rotation
in the pseudospin space and rewrite the equationĤ 2 ψ = E 2 ψ for a disorder-free system in the form
We emphasise that near the node χ = −1 the rotation (C1) of the basis in the pseudospin space is distinct from that described by Eq. (4.4), which we used in Section IV in order to obtain the quasiparticle wavefunctions in the absence of the internodal coupling. Whereas the transformation (4.4) is different near different nodes, the rotation (C1) is a global transformation of the basis; the two transformations match near the node with χ = +1 in the case η = π/2 under consideration. In this section, we use also the coordinate frame described by Eqs. (4.2) and (4.3) and shown in Fig. 3 for η = π/2, i.e. with k z = k x , k x = −k z . Equation (C2) is similar to the Schrödinger equation of a quadratically dispersive particle in a double-well potential 54 . The tunnelling amplitude between the two wells may be computed in the quasiclassical approximation. To that end, we introduce the classical (complex) momentum along the y axis
The quasiclassical solutions of Eq. (C2) in the region between the minima of the wells, where the amplitude of the wavefunction is small, are given by 
where C (±) 1
and C (±) 2 are constants and the coordinate y * may be chosen arbitrarily. Between the nodes, the function m, which characterises the bandwidth of the quasiparticles, is large compared to the all the other momentum scales of low-energy quasiparticles. Therefore, in the region of applicability of Eq. (C4) it is possible to make the approximation k y ≈ m. Substituting the solutions (C4) for the wavefunctions between the nodes into the Schrödinger equation Hψ = Eψ with the Hamiltonian (3.1) in the absence of the impurity potential, we obtain the relations
between the coefficients C (±) 1
and C (±) 2 . Equation (C4) describes the wavefunction between the nodes, where the exponential is small. Solving the Schrödinger equationĤψ = Eψ, with the function m linearised according to Eq. (4.1), gives the (non-normalised) wavefunction near a node of chirality χ in the form 
which leads to the value of the internodal coupling ∆ given by Eq. (4.15) in the main text.
Weakly hybridised states
At η = π/2, the dispersion of the quasiparticles at decoupled nodes is given by E = χv F k x , as follows from Eq. (4.10). The internodal coupling leads to the hybridisation of quasiparticle states at different nodes and the modification of the dispersion. As discussed in Sec. IV B, the states at η = π/2 get hybridised most strongly for small momenta k x .
As we discuss also in Sec. VI, the chemical potential µ in realistic WSMs corresponds to large momenta, |k x | ∆/v F , at which the states are weakly hybridised by the internodal tunnelling. Despite being weak, taking into account this hybridisation is essential for obtaining a finite conductivity in the case of the angle η being close to π/2 we consider.
In the regime under consideration, a state with a positive momentum k x and energy
Eq. (4.14)] at the node χ = +1 acquires, due to hybridisation, a small correction from the other node, χ = −1. The wavefunction of such a state is given by
E+v F kx 2m
The first term in the right-hand side of Eq. (C8) describes the wavefunction of the quasiparticle at node χ = 1. This term is peaked at k z = −Q − eBy c , i.e. at the location of the first node in the xz plane in momentum space, as discussed in Sec. (IV A 1). The last two terms in Eq. (C8) describe the small correction due to the presence of the other node, with the chirality χ = −1. Those terms are peaked at k z = Q − eBy c and are suppressed by the small
in the limit of large momenta k x ∆/v F under consideration. Similarly, the state at the node with chirality χ = −1 is weakly hybridised, due to the internodal tunnelling, with the other node whose chirality is χ = −1. The wavefunction of this state is given by
The energy of this state is given by E ≈ −v F k x − ∆ 2 2v F kx for the large momenta k x under consideration. The first and the last two terms in Eq. (C9) describe, respectively, the state of a particle at the node with chirality χ = −1 and a correction due to the presence of the other node.
Appendix D: Internodal scattering rate away from η = π/2
In this section, we present details of the calculation of the internodal scattering rate (5.3) for angles η away from π/2, where the effect of coherent internodal tunnelling on the quasiparticle dispersion and scattering may be neglected. For simplicity, we assume that the system is rectangular, with the edges parallel to the x , y and z axes.
As discussed in Sec. V, the scattering rate is determined by the matrix element of scattering of a quasiparticle near node χ with momentum p = (p x , p z ) in the x z plane into the state with momentum k = (k x , k z ) near node χ on the potential u(r − R i ) of the i-th impurity, with the location
, is given by
where ψ χp (r) and ψ χ k (r) are the wavefunctions of the respective states, given by Eq. (4.9). In Eq. (D1) we used the Fourier transform u(q) = 4πZie 2 q 2 +κ 2 of the potential 47 of an impurity. The conductivity is determined by internodal scattering, with χ = −χ , while intranodal scattering, corresponding to χ = χ , has no effect on transport since it does not change the quasiparticle velocity. Using Eq. (4.9) for the states with χ = 1 and χ = −1 gives the matrix element for internodal scattering in the form
Performing disorder averaging, . . . dis = 1 V . . . dR i , of the square of the matrix element over the location of the impurity gives
where N is the number of impurities in the system. The expression in the denominator in Eq. (D3) may be approximated as
Indeed, the sum with respect to q y in Eq. (D3) is dominated by momenta q y on the order of the inverse magnetic length l −1 B , which is given by Eq. (3.4) and is significantly smaller than the separation 2Q between the nodes. The inverse screening length κ is on the order of α 1 2 /l B and is also significantly exceeded by the momentum Q. Because the energies of the quasiparticles are small compared to the bandwidth and according to Eq. (4.10), p z ≈ −Q cos η and k z ≈ Q cos η. The dynamics of the quasiparticles correspond to the range of momenta where the function m in the Hamiltonian (3.1) may be linearised, Eq. (4.1). Together with Eqs. (4.2) and (4.3) this gives k x ≈ Q sin η and p x ≈ −Q sin η. Taking into account the values of all momenta and neglecting all momentum scales smaller than Q, we arrive at the approximation (D4).
Performing the integration with respect to momentum q y (with the replacement qy → L y dqy 2π ) and utilising Eq. D3 gives
Substituting the disorder-averaged scattering element (D5) into the expression (5.1) and performing integration over the momentum components k x and k z , we arrive at the expression (5.3) for the internodal scattering rate.
Appendix E: Internodal scattering rate at η = π/2
In this section, we provide the details of the calculation of the quasiparticle scattering rate 1/τ at η = π/2, i.e. for the magnetic field perpendicular to the separation between the nodes. The resistivity at this angle is determined by the processes of scattering between states |φ +1p and |φ −1k , given, respectively, by Eqs. (C8) and (C9). The scattering rate between such states is given by
where E +1p and E −1k are, respectively, the energies of the states |φ +1p and |φ −1k and S xz is the cross-section area of the system in the xz plane.
Similarly to the case of internodal scattering at angles η away from π/2, the scattering rate 1/τ is determined by the matrix element φ +1p | |u(r − R i )| |φ −1k of scattering off an impurity at location R i . Noticing that the exponentials in Eqs. (C8) and (C9) which grow away from the nodes do not contribute to this matrix elements, we obtain 
The first and the second lines in Eq. (E2) come from the wavefunctions near nodes χ = −1 and χ = +1. The matrix element of scattering off the total potential U (r) = i u(r − R i ), averaged over the realisations of the potential, is given by The quantities q 2 y + (p x − k x ) 2 + (p z − k z ) 2 + κ 2 1 2 in Eq. (E3) have the meaning of the effective momentum change of a plane-wave state scattered off the potential. We emphasise, however, that, unlike the case of internodal scattering considered in Appendix E, this differences cannot be approximated by the separation 2Q between the Weyl nodes.
To compute the scattering time (E1), we perform first the integration of the expression (E3) with respect to the momentum p z . The first line gives a contribution proportional to dp z dq y e − c(pz −kz ) 2 2|e|B − cq 2 y 2|e|B q 2 y + (p x − k x ) 2 + (p z − k z ) 2 + κ 2 2 = π (p x − k x ) 2 + κ 2 − πc 2|e|B e c(px−kx ) 2 2|e|B
where E 1 (x) = ∞ 1 dt e −tx /t is the exponential integral. The characteristic momentum difference p x − k x is on the order of |µ|/v F , with µ being the chemical potential, and in the limit of strong magnetic fields under consideration (the "ultraquantum" limit) is exceeded by the inverse magnetic length l −1 B = |e|B/c. As a result, and considering also the smallness of the magnetic length l B in comparison with the screening length κ, the second term in the right-hand side part of Eq. (E4) may be neglected and we may approximate dp z dq y e − c(pz −kz ) 2 2|e|B − cq 2 y 2|e|B
The integral of the second line of Eq. (E3) with respect to the momentum p z may be represented in the form dp z dq y e − c(pz −kz ) 2 2|e|B − cq 2 y 2|e|B e 2iQcqy eB
where the magnetic length l B is given by Eq. (3.4) and the integral I(s, t) is given by Eq. (6.3). Performing integration with respect to p z in the expression (E1) for the scattering rate and utilising Eqs. (E4), (E5) and (E6), we arrive at the scattering rate given by Eqs. (6.2) and (6.3).
In the main text we consider the ranges of parameters that correspond to two limiting cases in the integral I(s, t), I (s, t) = t 2 π cos (2sy) e − z 2 +y 2 2 (y 2 + z 2 + t 2 ) 2 dzdy → 1, st 1, 0, st 1.
(E7)
